A novel quantitative sonoelastography technique for assessing the viscoelastic properties of skeletal muscle tissue was developed. Slowly propagating shear wave interference patterns (termed crawling waves) were generated using a two-source configuration vibrating normal to the surface. Theoretical models predict crawling wave displacement fields, which were validated through phantom studies. In experiments, a viscoelastic model was fit to dispersive shear wave speed sonoelastographic data using nonlinear leastsquares techniques to determine frequency-independent shear modulus and viscosity estimates. Shear modulus estimates derived using the viscoelastic model were in agreement with that obtained by mechanical testing on phantom samples. Preliminary sonoelastographic data acquired in healthy human skeletal muscles confirm that high-quality quantitative elasticity data can be acquired in vivo. Studies on relaxed muscle indicate discernible differences in both shear modulus and viscosity estimates between different skeletal muscle groups. Investigations into the dynamic viscoelastic properties of (healthy) human skeletal muscles revealed that voluntarily contracted muscles exhibit considerable increases in both shear modulus and viscosity estimates as compared to the relaxed state. Overall, preliminary results are encouraging and quantitative sonoelastography may prove clinically feasible for in vivo characterization of the dynamic viscoelastic properties of human skeletal muscle.
tissues or masses are typically identified for further evaluation or monitoring. The utility of palpation as a diagnostic tool is founded on the elastic properties of soft tissues, namely local shear modulus distributions. Since the shear modulus of various soft tissues spans several orders of magnitude (Sarvazyan et al 1998) , a fundamental elastic contrast manifests between normal human tissue types. Moreover, many pathological conditions are associated with a marked change in the tissue elastic properties (Krouskop et al 1998 , Phipps et al 2005 , Zhang et al 2008 , which may be exploited for detection purposes. Notwithstanding, the efficacy of palpation-based examinations is typically limited to detection and qualitative assessment of superficial tissues or structures.
Throughout the last two decades numerous imaging-based methods have been introduced for estimating and visualizing the elastic properties of soft tissue (Gao et al 1996 , Ophir et al 1999 , Greenleaf et al 2003 . The generalized premise behind these elasticity imaging techniques is to apply a mechanical stimulus (either static or dynamic stress distribution) to the target tissue and, subsequently, image the deformation response using either ultrasound or nuclear magnetic resonance technology. In particular, sonoelastography is an elasticity imaging method that utilizes Doppler ultrasonic techniques to estimate tissue motion (in the form of propagating shear waves) induced using low-amplitude and low-frequency external vibrational sources (Lerner et al 1988) . Using a modified pulsed Doppler ultrasound system, local qualitative estimates of tissue elasticity can be imaged (termed a sonoelastogram) in real-time to reflect relative changes in tissue stiffness. In practice, when a region of tissue contains a stiff lesion or mass, a local decrease in the shear wave displacement amplitude results (Parker et al 1998) . More recently, crawling wave sonoelastography was developed and introduced (Wu et al 2004) . With this modality, slowly moving shear wave interference patterns (termed crawling waves) are generated using a pair of mechanical sources and imaged using sonoelastography. The main advantage to this sonoelastographic development is that crawling wave spatial properties (namely wavelength) reflect local tissue elastic properties (Wu et al 2006) . Integration of crawling wave principles and a computationally efficient phase-based shear wave speed estimator allowed realization of quantitative sonoelastographic imaging (Hoyt et al 2007a .
Demonstration of in vivo muscle tissue characterization using elasticity imaging-based techniques has been reported by several research groups (Levinson et al 1995 , Kruse et al 2000 , Dresner et al 2001 , Basford et al 2002 , Sack et al 2002 , Gennisson et al 2003 , Heers et al 2003 , Bensamoun et al 2006 , Hoyt et al 2007b . However, knowledge regarding the in vivo viscoelastic properties of human skeletal muscles is still very limited, which may be attributed to a lack of repeatable techniques permitting quantitative assessment of muscle function noninvasively. Potential applications for in vivo skeletal muscle assessment may include sports training in relation to strength and endurance exercise regimens, physical therapy planning and treatment efficacy, and progression of degenerative diseases such as muscular dystrophy. Therefore, the motivation for this research project was to develop and evaluate a novel quantitative sonoelastographic technique for in vivo characterization of skeletal muscle tissue.
Theory

Principles of sonoelastography
In conventional sonoelastographic imaging, low-frequency mechanical vibrations are used to noninvasively excite shear wave propagation in tissue. Given the tissue stress response from shear wave motion, qualitative sonoelastographic images (termed sonoelastograms) Figure 1 . Illustration of coordinate system and variables used to derive shear displacement fields for a two-source mechanical system vibrating normal (double arrows) to a free boundary.
are generated using ultrasonic Doppler techniques. As reported previously, the vibrational amplitude of tissue scatterers in oscillatory motion alters the power spectrum of an insonating ultrasound beam in a predictable manner (Huang et al 1990) . Specifically, a linear relationship exists between the vibrational amplitude u and standard deviation σ of the backscattered power spectrum as follows:
where c L , f L and f S denote the longitudinal wave propagation speed in the medium being investigated, the frequency of the longitudinal wave and the frequency of the shear wave, respectively. Equation (1) represents the governing principle behind sonoelastographic imaging whereby the amplitude of a vibrating target is determined indirectly using a spectral variance estimator (Kasai et al 1985) :
where T PRF is the time interval at which ultrasonic pulses are emitted andR is the autocorrelation function of the backscattered signal for a given packet size (typically ranges from 8 to 16 samples as defined by the imaging system). Using a larger packet size improves the statistical properties of the autocorrelation-based estimator but lowers the imaging frame rate for a given region-of-interest (ROI). In sonoelastographic imaging it is the spectral variance parameter that is visualized, which is proportional to the magnitude squared of the shear displacement field (Taylor et al 2000) . By utilizing equation (2), a modified pulsed Doppler ultrasound system allows real-time sonoelastographic imaging.
Shear wave excitation using normal vibration
In order to represent the shear displacement fields for a two-source configuration we take advantage of Miller and Pursey's (1954) early work on mechanical radiators. Assuming a farfield approximation, the shear displacement fields are calculated as a function of the coordinates, dimensions of the radiator and the elastic properties of the medium (see figure 1 ).
Consider a long thin strip of width a placed in contact with a semi-infinite, homogeneous and isotropic elastic solid and vibrating normal to the surface of the medium with unity boundary stress and frequency f S . Neglecting contributions from propagating longitudinal waves, instantaneous shear displacement fields for the m and n components are approximated as follows (Miller and Pursey 1954) :
and
where
, c S is the shear wave propagation speed in the medium, k L and k S are the longitudinal and shear wave numbers, respectively,
and t denotes time. Throughout this paper, coordinates defined by m and n will consistently refer to the axial and lateral image dimensions, respectively.
Due to practical considerations, we restrict our attention to equation (3) to introduce the displacement fields for a two-source configuration. With this approach, particle vibration is normal to the free boundary or tissue surface and allows visualization using sonoelastographic techniques. To represent the displacement fields, we define a source separation distance L (see figure 1 ) and utilize the principle of superposition to describe the instantaneous shear wave interference patterns as
As indicated in section 2.1, the magnitude squared of the shear displacement field is estimated using sonoelastographic techniques, so we describe the instantaneous interfering shear displacement fields alternatively as follows:
where u * is the complex conjugate of u. As noted in Hoyt et al (2007a) for interfering plane waves, the magnitude squared operation allows recovery of a harmonic signal from the estimated displacement amplitudes while producing a doubling of the shear wave interference pattern spatial frequency.
Crawling wave phenomena
It has been shown that shear wave interference patterns can be generated by two coherent monochromatic vibration sources and imaged using sonoelastography (Wu et al 2004) . Moreover, if the two sources vibrate at slightly offset frequencies, e.g. f S and f S + f S , then the interference patterns slowly propagate at an apparent speed equal to c S · f S /2f S . These moving shear wave interference patterns have been termed crawling waves. In practice, the frequency difference f S is chosen to be less than f S /500 since using a higher frequency offset may compromise imaging results due to presence of a beat frequency. Owing to the properties of these interfering shear waves, the local spacing between the pattern bands equals half of the shear wavelength λ. Therefore, analysis of the local shear wave interference patterns (or crawling wave image frames) allows estimation of the governing shear wave propagation speed or modulus µ 1 distribution as follows:
where ρ denotes the tissue mass density. It is important to note that equation (7) assumes that the biomechanical properties of tissue are isotropic and linear elastic (i.e., nonviscous), characterized by knowledge of either the shear wave speed or modulus parameter. However, most biological tissues exhibit viscoelastic properties that introduce a frequency dependence for dynamic mechanical property measurements. Additionally, tissues such as skeletal muscle are anisotropic due to fascicle ordering and measurements are further governed by fiber orientation. Therefore, tissue characterization predicated solely on the analysis of crawling wave images using equation (7) may be insufficient and a more accurate approach may be warranted (see section 2.5).
Quantitative sonoelastography
Analysis of crawling wave spatial patterns allows estimation of the local elastic properties for a material or tissue being investigated. Given shear wave interference displacement fields, it was shown in Hoyt et al (2008) that the shear wave speed distribution in 2D space can be estimated by evaluating the phase of the 2D autocorrelation function γ (m , n ) of the analytic signalû(m, n),
at lags (m = 1, n = 0) and (m = 0, n = 1). Note that the analytic signal used in equation (8) is computed using a 1D fast Fourier transform method introduced by Marple (1999) applied along the shear wave propagation axis (assumed to be n) for each depth location of the acquired crawling wave image (Hoyt et al 2007a) . Equation (8) 
where T m and T n are the spatial sampling rates in the m and n dimensions, respectively. Using equations (9) and (10), the 2D mean shear wave speed estimate c S 2D can be described by the following expression ,
indicating that the 2D local shear wave speed can be estimated from the spatial shear wave interference patterns given knowledge of the source vibration frequencies and spatial sampling rate. In the derivation of equation (11) we assume that within the region defined by our kernel size that the tissue property is approximately homogeneous and that the local shear wave interference patterns can be approximated as plane waves (regardless of angular orientation relative to the transducer axis). Since equation (11) produces a local shear wave speed estimate, 2D spatial distributions are obtained by one-sample shifting the kernel throughout the shear wave displacement field. Note that for interference patterns (i.e., plane waves) oriented parallel to the imaging axis, c S n approaches infinity and c S 2D is equal to c S m . Although sonoelastography only detects tissue vibration normal to the imaging transducer, shear waves can propagate along complicated paths owing to internal and external boundary conditions, diffraction, etc. Therefore, for angulated plane waves or interference patterns exhibiting distorted wavefronts, c S n is finite valued and estimation of the 2D mean shear wave speed using equation (11) allows for an accurate description of the true underlying shear wave speed distribution . A representative set of matched experimental crawling wave and quantitative sonoelastograms from a heterogeneous tissue-mimicking elasticity phantom are illustrated in figure 2. As this image depicts, quantitative sonoelastography has the potential to detect stiff lesions with diameters as small as 5 mm. However, detectibility is ultimately governed by lesion-background modulus contrast, source vibration frequency and estimator kernel size (Hoyt and Parker 2007) . 
Viscoelasticity estimation
Quantitative sonoelastography produces detailed images that reflect tissue shear wave speed distributions. However, biological tissues exhibit shear wave speed dispersion suggesting that a viscoelastic model may be used to quantify the complex stiffness, or more specifically, tissue elasticity and viscosity coefficients. Interested readers are referred to Fung (1993) and Lakes (1998) for a thorough review of the viscoelastic properties of biological tissues. For the purposes of this paper, it was assumed that tissue (or biomaterial) could be modeled as a Voigt body, which consists of a linear elastic spring in parallel with a viscous dashpot (figure 3). For a homogeneous medium, the shear wave speed for the Voigt model is related to the vibration frequency by Oestreicher (1951) :
where µ 2 denotes the shear viscosity. Note that in the absence of tissue viscosity (i.e., µ 2 = 0), equation (12) simplifies to the expression described by equation (7). The viscoelastic model described by equation (12) has been shown in the literature to be a promising technique for estimating the frequency-independent shear modulus and shear viscosity parameters of various biological tissues including skeletal muscle (Madsen et al 1983 , Kruse et al 2000 , Catheline et al 2004 , Gennisson et al 2006 , Greenleaf and Chen 2007 .
Simulations
A sonoelastographic simulation program was implemented using Matlab 7.0 (Mathworks, Inc., Natick, MA, USA) and based on the analysis presented in section 2.2. For all simulation results, the shear wave signal-to-noise ratio (SNR) was established by superimposing Gaussian noise onto the shear wave displacement fields. All default simulation parameters are listed in table 1 unless otherwise stated. Utilizing the principles of superposition, shear wave displacement fields for a two-source configuration (separation distance L of 11 cm) as described by equation (6) were generated (figure 4). Figure 4 (a) indicates that shear wave interference patterns are localized at depth to a region between the surface contacts of the oscillating sources. Although not illustrated, increasing the source separation distance allows penetration and displacement of deeper regions. However, elevated shear wave attenuation effects due to increased propagation distances may compromise crawling wave SNR levels in practice. Regarding figure 4(a), results indicated that at depths proximal to the upper boundary (e.g. between depths of 5 and 30 mm) a plane wave assumption may be inferred. Pattern spreading and wavelength elongation nullifies this assumption for deeper regions. In order to investigate the validity of the plane wave assumption, a cross-sectional shear wave interference displacement profile (extracted from figure 4(a) at a depth of 15 mm) is plotted in figure 4(b) . Since the shear wave speed of the material was 3 m s -1 and the spatial wavelength measured from these plots was 10.7 mm, the ratio of these two quantities yields a temporal frequency of 280 Hz. Therefore, the spatial frequency exhibited by shear wave interference patterns excited using a two-source configuration appears to be twice the source vibration frequency (140 Hz for the results presented), where plane wave conditions can be assumed valid. This fundamental frequency relationship supports using the 2D shear wave speed sonoelastographic estimation technique since it was implicit in algorithm development .
Adopting a field-of-view representative of that employed during ultrasonic imaging of superficial tissues and positioned equidistant from mechanical sources, crawling wave sonoelastograms were simulated for the two-source shear wave excitation configuration ( figure 5 ). Subsequently, the shear wave speed distribution was reconstructed using the 2D quantitative sonoelastography technique described in section 2.4. Despite minimal displacement information in the nearfield of the crawling wave sonoelastograms (simulation assumes farfield conditions) the shear wave speed sonoelastograms exhibit a uniform distribution throughout the image plane. Specifically, the average shear wave speed computed from the simulation-based sonoelastogram in figure 5(b) was found to be 3.07 ± 0.11 m s -1 , which agrees with the true shear wave speed of 3 m s -1 (2.3% error).
Experiments
For experimental studies, sonoelastographic results were obtained using the setup illustrated in figure 6 . A two-channel signal generator (Model AFG320, Tektronix, Beaverton, OR, USA) produced two monochrome low frequency signals that were passed through power amplifiers (Model 2706, Brüel & Kjaer, Naerum, Denmark) before being input to the vibration sources (Model 4810, Brüel & Kjaer, Naerum, Denmark). The source contacts were square aluminum bars measuring 10 mm in width and 60 mm in length with the long axis oriented orthogonal to the imaging plane. The source separation distance was fixed at 11 cm. Shear wave propagation was excited using an incremented vibration frequency range of 80 to 200 Hz (in 20 Hz increments) with a frequency difference (offset) set at 0.2%. Source amplitudes (nominally less than 200 µm) were adjusted for each vibration frequency and prior to data collection to produce well-formed shear wave interference patterns (i.e., maximal visible SNR) for a given field-of-view. A modified GE Logiq 9 ultrasound system (GE Medical Systems, Milwaukee, WI) was employed for scanning with demodulated colorflow data saved for offline processing. From all acquired data sets, shear wave speed sonoelastograms were computed from the reconstructed sonoelastographic crawling wave images using the 2D autocorrelation-based estimation technique (see section 2.4). A fixed kernel size of 24 by 24 samples (approximately 1.0 cm 2 ) was utilized in order to minimize estimator noise levels . Prior to processing, all data sets were downsampled in the axial dimension to closely match the sampling rate in the lateral dimension and to minimize computation time. Note that this downsampling was determined to have minimal effects on sonoelastographic Figure 6 . Illustration of the setup used to produce sonoelastographic crawling waves in experiments. Two mechanical sources (a) separated by distance L vibrate at slightly offset frequencies (double arrows) and coupled normal to the free surface of the imaging material (b). Slowly moving shear wave displacement fields are imaged using an ultrasound probe (c) for a given region-of-interest (d) as these crawling wave propagate through the medium (large arrow).
results since the spatial information of interest is predominately in the crawling wave lateral dimension. Statistics were computed from shear wave speed sonoelastogram sequences (equating to one spatial wavelength of crawling wave motion). Lastly, using the dispersive shear wave speed sonoelastographic data (i.e., mean values), frequency-independent shear elasticity and shear viscosity estimates were obtained using the viscoelastic model described by equation (12) and data fitting using the Gauss-Newton method for nonlinear least-squares. Specifically, individual shear wave speeds were obtained for a range of vibration frequencies and this data set leads to a single mathematical expression based on equation (12). The mass density of skeletal muscle tissue was assumed constant at 1100 kg m −3 .
Phantom studies
In the phantom studies, experimental results were obtained using a homogeneous gelatinbased elasticity phantom with the ultrasound transducer rigidly fixed equidistant from the source contacts. Note that the transducer was isolated from the mechanical sources in order to minimize vibration coupling. Mechanical tests using a 1/S mechanical device (MTS Systems Co., Eden Prairie, MN, USA) equipped with a 5 Newton load cell were performed on a phantom sample in order to approximate the true elastic properties for comparison to imaging results. The results in figure 7 depict representative experimental crawling wave and shear wave speed sonoelastograms for a vibration frequency of 140 Hz. Inspection of figure 7 reveals some spatial distortion in the nearfield of the crawling wave sonoelastograms (due to boundary conditions) but high SNR shear wave interference patterns from a depth of 5 to 30 mm can be approximated as plane waves. Within this field-of-view, the averaged shear wave speed sonoelastograms (over one wavelength of crawling wave motion) exhibit a uniform distribution (3.08 ± 0.22 m s −1 ). Congruence between simulated and experimental results for matched conditions and system parameters, figures 5 and 7, respectively, supports the simulation program developed for this novel shear wave excitation strategy.
A summary of the shear wave speed estimates plotted as a function of frequency and the viscoelastic model fit are shown in figure 8 . These results illustrate a slight trend of increasing shear wave speed estimates as a function of vibration frequency, which is suggestive of a viscoelastic response. Note that given the error bars associated with this data set this increase may not be statistically significant and due to artifact. Using the viscoelastic model, shear modulus and shear viscosity estimates for this phantom material were found to be 8.61 kPa and 2.98 Pa s, respectively. Mechanical testing determined a shear modulus for this phantom material to be 8.7 kPa, which is in agreement (1% error) with the viscoelastic model-based shear modulus estimate obtained using quantitative sonoelastographic techniques. It is important to note that the mechanical testing method used (based on a compressive force-displacement analysis) does not allow for validation of the viscosity parameter due to the assumption that the material under investigation is linear elastic.
In vivo skeletal muscle studies
Data were obtained in both relaxed and voluntarily (maximal) contracted skeletal muscles from two healthy adult male volunteers (i.e., without orthopedic or neuromuscular abnormalities) to assess the viscoelastic properties of different muscle tissues and demonstrate clinical utility. Specifically, sonoelastographic data were collected from one volunteer in the following relaxed muscles: rectus femoris, biceps femoris, medial gastrocnemius and biceps brachii. Additionally, data were collected from two healthy adult male volunteers in the following relaxed and then voluntarily (isotonically) contracted muscles: rectus femoris and biceps brachii. For all in vivo scans, the mechanical (vibration) source setup was oriented under ultrasound guidance to produce shear wave propagation parallel to the muscle fibers to minimize anisotropic effects (Kruse et al 2000 , Gennisson et al 2003 , Hoyt et al 2007b . Considering the in vivo biceps brachii data presented by Gennisson et al (2003) , it can be inferred that shear wave speed estimates can decrease by more than 20% when the angle between shear wave propagation and muscle fiber orientation deviates by 10
• (i.e., from the parallel shear wave propagation and fiber orientation). Since ultrasonic scattering from skeletal muscle is primarily affected by the endomysial collagen fibers (Hete and Shung 1993, Wang and Shung 1998) , it was assumed that by maximizing backscatter continuity (i.e., hyperechogenicity) across the ultrasound image plane that fiber orientation was maintained and registration between relaxed and contracted muscle for a given ROI was established. However, this assumption needs to be investigated further and a more robust technique for ascertaining fiber orientation may be warranted. In order to avoid stress effects to the various muscles investigated, both the mechanical setup and ultrasound scanning were done freehand with care taken to ensure all data were collected under similar boundary conditions and from the same tissue plane (to the extent possible) for each muscle studied. A visual description of the mechanical source pair equipped with surface contacts and transducer placement for in vivo skeletal muscle experimentation is depicted in figure 9 . Regarding boundary conditions, initial experiences revealed that tissue surface stresses imposed by either the mechanical contacts human studies, data were collected in contralateral muscles and mean shear wave speed estimates (calculated throughout the entire scan sequence and for a chosen image region corresponding to the muscle area of interest) were averaged at each vibration frequency. It is assumed that by averaging contralateral muscle data, shear wave speed variability is minimized, albeit not directly assessed in this study. A representative set of experimental in vivo results obtained from human bicep brachii muscles are shown in figure 10 . These results confirm that high-quality sonoelastographic data can be acquired in vivo from human muscle tissue. If we consider the dispersive sonoelastographic data collected in relaxed human skeletal muscle tissues and depicted in figure 11 , results exhibit minimal variance between data acquisitions from contralateral muscles demonstrating reproducibility despite the freehand-based technique adopted for these studies. Furthermore, the results of figure 11 also reveal a pronounced viscoelastic trend. A summary of the frequency-independent shear modulus and shear viscosity estimates are presented in table 2, which indicates differences between viscoelastic parameters for various (healthy) relaxed skeletal muscles. For comparative purposes, the select shear wave speed estimates of figure 11 are congruent with elasticity imaging-based measurements reported in (or derived from) the literature for both the gastrocnemius (Basford et al 2002 , Heers et al 2003 and biceps brachii (Dresner et al 2001 , Sack et al 2002 muscles (for a given vibration frequency).
Revisiting figure 10 , the results presented illustrate that shear wave speeds (at a vibration frequency of 140 Hz) in the relaxed biceps brachii are markedly lower than that for the same muscle during a contracted state (3.74 ± 0.31 and 4.45 ± 0.51 m s −1 , respectively). Using the viscoelastic model described by equation (12), shear modulus and shear viscosity estimates for the relaxed and contracted biceps brachii muscle data were 8.68 kPa and 9.73 Pa s versus 11.88 kPa and 13.22 Pa s, respectively. Figure 12 illustrates the sonoelastographic data collected from two healthy volunteers in the rectus femoris and biceps brachii muscles during states of relaxation and voluntary (maximal) contraction. Corresponding viscoelastic parameters for the model fits plotted in figure 12 are summarized in table 3. Differences in shear modulus values may be attributed to muscle size (Dresner et al 2001) and/or the subjective contractile force (Levinson et al 1995 , Dresner et al 2001 , Basford et al 2002 . Overall, these initial results from healthy volunteers reveal that contracted muscles exhibit considerable increases in both shear modulus and shear viscosity estimates as compared to the relaxed state.
Conclusions
A novel quantitative sonoelastography technique was introduced. Based on a two mechanical source configuration, theoretical models predicted shear wave interference displacement fields, which were validated through phantom studies. Using dispersive shear wave speed sonoelastographic data, a viscoelastic model (the classical Voigt model) was fit using nonlinear least-squares techniques to determine the frequency-independent shear modulus and shear viscosity estimates. Consequently, shear modulus estimates derived using the Voigt model were in agreement with that obtained by mechanical testing on phantom samples (1.0% error). Preliminary sonoelastographic data were acquired in healthy human skeletal muscles and results confirm that high-quality quantitative elasticity data can be acquired in vivo. Studies on relaxed muscle indicates that discernible differences in both shear modulus and shear viscosity estimates do exist between different relaxed skeletal muscle groups. More importantly, viscoelastic properties for these various muscle groups can be assessed using sonoelastographic techniques. Investigations into the dynamic viscoelastic properties of healthy human skeletal muscles revealed that voluntarily contracted muscles exhibit considerable increases in both shear modulus and shear viscosity estimates as compared to the relaxed state. Overall, preliminary results are encouraging and quantitative sonoelastography may prove clinically feasible for the in vivo characterization of the dynamic viscoelastic properties of human skeletal muscle in health and disease.
